The TCF of the flexural mode possesses an additional thermal stress term which is absent for the torsional mode. The mode-dependent thermal sensitivities originate from the distinct roles that stress plays in the motion. Figure S1 illustrates how the tensile force T enters into the equation of motion of the flexural mode, but not into the torsional motion Fig. S1. (a), in the flexural mode, the tensile force T has a component along the direction of beam motion z, and thus contibutes to its resonant frequency and TCF, see text. In the equations, ‫ݓ‬ is the displacement in the ‫ݕ‬ direction. For the torsional mode (b), the tensile force T is along the direction of torsional axis, and generates no torque. Therefore, the tensile force dose not affect the torsional resonant frquency. This leads to an exceptionally linear torsional mode with a reduced TCF. *
The flexural mode resonant frequency and TCF of a stressed torsional resonator
We derive the resonant frequency of a doubly clamped torsional resonator with a built-in stress T. A schematic of the torsional device is given in Fig. S2 . The coordinate system employed in this manuscript is also defined, with the origin set at the left end of the beam. The governing equation for the beam deflection function w is
where ߦ ൌ ‫ܮ/ݖ‬ is the reduced distance along the beam length L, I is the areal moment of inertia, E is the Young's modulus, t is time, and ߤ ൌ ‫ܣߩ‬ is the mass per unit length.
Since the width of the paddle L p greatly exceeds that in the arm w r , we consider the paddle to be rigid relative to the narrow arms, and assume the inertia of the rods is negligible. We therefore ignore the inertial term in Eq. S1, and include the inertia only through the shearing force at the contact point between the rods and the paddle. This gives the governing equations and boundary conditions:
Lr = Torsion rod length wr = Torsion rod width h = Device thickness
with the usual clamped boundary conditions:
ൌ0 . ሺS3aሻ
Applying Newton's 2 nd law at the paddle
where ‫ܮ‬ തതത ൌ ‫ܮ‬ ‫,ܮ/‬ M p is the mass of the paddle, and the factor of ½ in Eq. S3b accounts for the symmetry of the resonator , i.e. that there are two identical narrow torsion rods.
The displacement is expressed in terms of an explicit time dependence exp ሺെ݅߱‫ݐ‬ሻ:
Substituting Eq. S4 into Eq. 2 and 3 gives
with boundary conditions
where the normalized tension parameter υ is
Note that the required resonant frequency ߱ only appears in the boundary condition S6b. This property allows for an explicit determination of ߱ by solving the system in Eqs. S5-7:
We can remove the scaling with respect to the total beam length L. Eqs. S8-9 then become:
For a rectangular cross section resonator, ‫ܫ‬ ൌ ‫ݓ‬ ݄ ଷ /12, Eq. S10 then simplifies to
‫ݔ‬ ⋯, in the limit of small tension, Eq. S11a becomes
Equation S12 and S13 show that the resonant frequency reduces to the result of Evoy et al. 1 at zero tension case, i.e., ߱ ൌ ට ଶா௪ య ெ య . Substituting Eq. S12 into S13 gives the resonant frequency for a low stressed device
We can rewrite Eq. S11b as
where σ=T/A=(σ i -αE∆T) is the tensile stress of the beam, σ i is the intrinsic stress resulting from the wafer growth process, αE∆T is the thermal stress term that accounts for the IR (or any other sources) heating induced beam softening effect, where ߙ ൌ ଵ ௗ ௗ் is the linear thermal expansion coefficient. The 1 st derivative of Eq. S15 with the temperature yields:
where ߚ ൌ ଵ ா ௗா ௗ் is the thermal coefficient of Young's modulus.
TCF of the torsional mode
The intrinsic resonant frequency of the torsional motion is given by
where I is the moment of inertia of the resonator, κ is the torsional spring constant.
Moment of Inertia
The moment of inertia for the two torsion rods is
where ݉ ோ is the mass, w r is the width, and h is the thickness of the torsional rod.
The paddle's moment of inertia is:
here ݉ and ‫ܮ‬ are the mass and length of the paddle, respectively. The total moment of inertia is:
The last approximation holds true if ‫ܮ‬ ≫ ‫ݓ‬ , ݄, which is the case for our device.
Torsional spring constant
For macroscopic beams of rectangular cross sections, the torsional spring constant can be calculated by 2
where G s is the shear modulus of the rod, which is related to Young's modulus by the relation
‫ܮ‬ is the length of each rod, K is the torsional moment of inertia. For a rectangular cross section with sides of length h and w r , where h>w r , the torsional moment is given by 2
Combing all above, the torsional resonant frequency is given by
The first derivative with temperature of Eq. S22 yields TCF| torsion ൌ ߙ ߚ 2 ሺS23ሻ
NETD limited by temperature fluctuation noise process
The spectral density of the thermodynamically driven temperature fluctuations are 3
where BW is the measurement bandwidth. The temperature fluctuations can be converted into noise equivalent power by
The amount of power received by an IR detector δP t can be related to the temperature difference δT of a target relative to its surroundings (assuming blackbody radiation) by the following formula 3
where A d is the detector area, F is the focal ratio of the optics, and ቀ The calculated NETD limited by the temperature fluctuations versus thermal conductance is depicted by the blue curve in Fig. 1d . The adopted parameters in the calculation are: ߱ =10 Hz, BW=1 Hz, ߟ ൌ 0.3, F=0.5. The device has the same geometry as shown in Fig. 1b .
Device fabrication process
The pattern of the torsional device is defined by the electron beam lithography, followed by the gold film, Strontium Fluoride (SrF 2 ) film deposition, and lift-off process. The device is 
Modeling of the optical interference technique
We develop a simple interference model to account for the optical transduction nonlinear effect. Assuming the interference cavity, commonly formed by the device top surface and the substrate with a separation of d, the laser electric fields reflected from the cavity's top and bottom surfaces are:
where ߶ ሺሻ is the initial phase, k is the wave vector, and ߱ ᇱ is the angular frequency of the laser light. The summed field is ܷሺ‫,ݎ‬ ‫ݐ‬ሻ ൌ ‫ܧ‬ ଵ ሺ, ‫ݐ‬ሻ ‫ܧ‬ ଶ ሺ, ‫ݐ‬ሻ, and the interference intensity ‫ܫ‬ሺሻ is given by
This sets the background DC intensity that the photodetector measures. When the device vibrates at an amplitude of േ‫,ݔ‬ the interference intensity, ‫ܫ‬ሺሻ, becomes modulated. The modulation depth in ‫ܫ‬ሺሻ, ‫ܫ∆‬ , is recorded by the photodetector as the measure of the device resonant amplitude, i.e. the optical displacement signal:
‫ܫ∆‬ ൌ |‫ܫ‬ሺ, ݀ ‫ݔ‬ሻ െ ‫ܫ‬ሺ, ݀ െ ‫ݔ‬ሻ| ൌ ‫ܣ4‬ ଵ ሺሻ‫ܣ‬ ଶ ሺሻ sinሺ2݇݀ሻ sinሺ2݇‫ݔ‬ሻ ൌ ‫ܣ‬ sinሺ2݇‫ݔ‬ሻ ሺܵ30ሻ
Optical nonlinearity caused resonance peak splitting versus actuation level
We quantify the resonance splitting caused by the optical nonlinearity as a function of the actuation level based on a driven damped resonator model. The amplitude of a driven damped resonator is given by
At the critical drive, the device reaches its maximum optical response at an amplitude ‫ݔ‬ ൌ ߣ 8 ⁄ according to Eq. S30. The two frequencies corresponding to this amplitude according to above
Finally the splitting is
V is the applied RF voltage on the piezo-ceramic disk, V c is the voltage corresponding to
The piezo-ceramic disk acts as a linear actuator in the whole power range of our experiments.
Dynamic range (DR) of the torsional mode
Since the torsional mode is inherently linear, its DR range should be limited by its elastic limit,
i.e. the yield strength of the torsional rod ߬ ௬௦ . The experimental elastic limit of SiN is about 12
GPa. 4 The maximum shear stress occurs at the outer surface of the torsional rod can be expressed We simply consider the thermomechanical noise as the lower limit of the maximally-attainable DR. The spectral density of the angular displacement noise on resonance where ݂ തതത is the average frequency measured over the m th time interval of length ∆t=τ A , and f c is the nominal carrier frequency.
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